For optimal antiviral therapy, the hepatitis C virus (HCV) genotype needs to be determined, as it remains a strong predictor of sustained viral response. In this study, we assessed the number of HCV genotyping results that could not be determined using the commercially available line probe assay (LiPA) (Versant hepatitis C virus genotype 2.0 assay) in a large international panel of samples from 9,874 HCV-positive patients. In-house sequencing assays targeting the 5= untranslated region (UTR), core region, NS3 region, and NS5B region of the HCV genome and phylogenetic analyses were used to resolve these LiPA failures. Among all cases, the genotypes of 51 samples (0.52%) could not be determined with the LiPA. These undetermined results were observed more frequently among samples from non-European regions (mainly the Arabian Peninsula). The use of sequencing assays coupled with phylogenetic analysis provided reliable genotype results for 86% of the LiPA failures, which exhibited higher rates of genotypes 4, 5, and 6 than did LiPA-resolved genotypes. As expected, the 5= UTR was not sufficiently variable for clear discrimination between genotypes 1 and 6, but it also resulted in errors in classification of some genotype 3 and 4 cases using well-known Web-based BLAST programs. This study demonstrates the low frequency of genotyping failures with the Versant hepatitis C virus genotype 2.0 assay (LiPA) and also underlines the need for a complex combination of sequences and phylogenetic analyses in order to genotype these particular HCV strains correctly.
H
epatitis C virus (HCV) infection is a leading cause of chronic liver disease and affects approximately 120 million to 210 million people worldwide (1, 2) . Each year, over 250,000 people die from HCV-related chronic liver diseases, such as end-stage cirrhosis and hepatocellular carcinoma (3, 4) . Most infections with HCV can be cured if treatment is available, and the emergence of new antiviral drugs that directly target HCV will greatly improve treatment outcomes.
The HCV genome is characterized by extremely high sequence diversity and HCV strains are classified into genetically distinct groups, which are known as genotypes when differences at the nucleotide level range from 31% to 33% or as subtypes when differences range from 20% to 25%; genetic difference below these values define quasispecies (5) (6) (7) . The HCV genotype (and to a lesser extent, the subtype) must be determined prior to initiation of antiviral treatment because the genotype affects the choice of agents and the duration of therapy, as well as the prognosis for eradicating the virus (8, 9) . HCV typing and subtyping can be performed using various methods, including direct sequence analysis, reverse hybridization, and genotype-specific reverse transcription (RT)-PCR. Several regions of the HCV genome can be analyzed to classify strains accurately into specific genotypes. The 5= untranslated region (UTR) is the region of choice for detecting and quantifying HCV RNA, due to its high level of conservation. For this reason, it often has been used by virological laboratories for routine genotyping of HCV, although it now has been clearly demonstrated that it is difficult to distinguish genotype 6 from genotype 1 and to distinguish subtypes within genotypes 1, 2, and 3 in this region (10) . However, nucleotide sequencing coupled with phylogenetic analysis of genomic regions that are more varying, such as the core/E1 and NS5B regions, has been recommended for HCV genotyping in consensus proposals (7) . The reverse-hybridization Versant HCV genotype 1.0 assay (line probe assay [LiPA]) (Bayer HealthCare, Eragny, France), which is based on a 5= UTR segment, has been upgraded and improved in version 2.0 by the addition of core sequence information (11) . With this updated version, amplification failures were described for 1.5 to 2.1% of cases and rates could be lowered after retesting but, according to those reports, 4.6% and 22.8% of results could not be resolved at the genotype and subtype levels, respectively (11, 12) . The present study aims (i) to evaluate the number of LiPA (version 2.0) failures in a large panel of samples from Europe and from other parts of the world and (ii) to investigate whether the genotypes of these "difficult-to-type" samples corresponded to particular HCV strains that could be typed by using a classic sequencing approach.
MATERIALS AND METHODS
Clinical samples. A total of 9,874 HCV genotype analyses of samples from Europe and other parts of the world were performed by the CERBA laboratory between January 2011 and May 2012. Viral loads were measured with the COBAS AmpliPrep/COBAS TaqMan HCV quantitative test, version 1.0 (Roche Diagnostics, Meylan, France), and levels needed to be higher than 500 IU/ml for the genotype analysis to be performed. All blood samples were centrifuged shortly after collection, and plasma was stored at Ϫ80°C before being stored and shipped on dry ice.
Versant HCV genotype 2.0 assay (LiPA). A Versant HCV genotype 2.0 assay (INNO-LiPA HCV 2.0) was performed for all samples according to the manufacturer's instructions. RNA was isolated from 200 l of plasma by using an m2000sp instrument (Abbott Molecular, Rungis, France). Extracted RNA was resuspended in 70 l of buffer. RT-PCR was performed in a single tube, producing two distinct biotinylated DNA fragments of 240 and 270 bp, representing the 5= UTR and the core region, respectively. After denaturation, the biotinylated DNA PCR products were hybridized to membrane-bound oligonucleotide probes specific for the 5= UTR and the core region of HCV genotypes 1 to 6. Each strip contained three control lines (conjugate, amplification from the 5= UTR, and amplification from the core region) and 22 DNA probe lines containing sequences specific for HCV genotypes 1 to 6. After automated hybridization steps, all strips were dried and scanned; results were interpreted using Bayer LiPA-Scan HCV software (Innogenetics, Ghent, Belgium), according to the currently valid interpretation chart. When the profile obtained did not match any of the reference patterns, the genotype was considered indeterminate by the software. Frozen samples were sent to the Grenoble hospital virology laboratory for sequencing.
Sequencing methods. Total nucleic acids were extracted from 1 ml of plasma using the generic protocol of the EasyMag system (bioMérieux, Marcy l'étoile, France) and eluted in a volume of 50 l. RT-PCR amplifications of the 5= UTR, the core region, and two different regions of NS5B were performed with a one-step protocol using the Qiagen OneStep RT-PCR kit (Qiagen, Courtaboeuf, France), following the manufacturer's instructions. The NS3 protease region was amplified as described by Besse et al., using a nested PCR when necessary (13) . All of the primers used are listed in Table 1 . Bidirectional sequencing of the amplicons was then performed with a CEQ 2000XL system (Beckman Coulter, Roissy, France).
Phylogenetic analysis. Phylogenetic analysis was performed after alignment of the 5= UTR, core region, NS3, and two amplified regions of NS5B and then sequences were compared with reference sequences of genotypes 1 to 7 using the neighbor-joining method (17) in MEGA5 software (18) . The reliability of the phylogenetic clustering was evaluated using bootstrap analysis with 1,000 replicates. Reference sequences identified by genotype or subtype, country of identification, strain name, and PubMed number were extracted from the European HCV database (http: //euhcvdb.ibcp.fr/euHCVdb/).
BLAST analysis. BLAST searches were performed in the GenBank HCV genotyping database (http://www.ncbi.nlm.nih.gov/projects /genotyping/formpage.cgi), in the Los Alamos HCV sequence database (19) (http://hcv.lanl.gov/content/sequence/BASIC_BLAST/basic_blast .html), and in the hepatitis C viral database of the Viral Bioinformatics Resource Center (VBRC) (http://www.hcvdb.org/blast.asp) for all amplified regions. The Max Planck Institute Informatik Geno2Pheno database (http://www.geno2pheno.org/) also was used for the NS3 and NS5B regions.
Criteria for final decisions on HCV genotypes. The final decision to assign an HCV genotype was made preferentially according to the NS5B sequencing results when the results of the four BLAST analyses and the phylogenetic analysis matched. When NS5B amplification could not be obtained or when discrepancies appeared in the results, 5= UTR, core, and NS3 sequences were used, and a minimum of six consistent BLAST results obtained for two different regions was required to assign an HCV genotype.
Statistical analysis. Student's t test was used to compare HCV viral loads. Independence between qualitative parameters was assessed using the 2 test.
RESULTS
Versant HCV genotype 2.0 assay (LiPA) failures. Between January 2011 and May 2012, 51 (0.52%) of the 9,874 HCV genotype analyses performed in the CERBA laboratory using the LiPA could not be resolved because the results could not be interpreted. Twenty-one analyses corresponded to a single positive line in the 5= UTR, 14 to a double-line profile, and the others to three or more lines (for example, see Fig. 1 ). Except for variable region 1, which was not sequenced with our primers, 5= UTR sequencing confirmed most positive lines found with the LiPA (Fig. 2) . For seven samples, the sequencing results did not reveal a sequence that perfectly matched the observed positive probes, possibly because mixed infections were not detected. On the other hand, line 11 was never detected in this study's samples, whereas sequencing results showed that it should have been detected in eight cases. All of these observed profiles could not be interpreted using the manufacturer's interpretative chart. Forty-nine percent of these samples came from outside Europe, representing 0.61% of the foreign HCV genotyping analyses conducted at the CERBA laboratory. The failure rates were 0.45% and 0.27% for samples from Europe and Maghreb, respectively, whereas the rates were significantly higher for samples from sub-Saharan Africa (1.66%) and the Arabian Peninsula (29.41%) ( Table 2 ). Using LiPA-recommended procedures, no amplification failures occurred. Amplification of the four different HCV genomic regions. As presented in Table 3 , a total of 38 (74.5%) of the 51 failed LiPA samples gave sequences that could be interpreted in the NS5B region, 29 (56%) with the first set of primers (HC1/HC2), 3 with the second set of NS5B primers (HC3/HC5), and 6 with the third set of NS5B primers (NA1/NA2). Thirteen samples (25.5%) could not be correctly amplified in the NS5B region. Their mean viral load was 4.9 Ϯ 2.6 log IU/ml, compared with 5.7 Ϯ 2.7 log IU/ml for samples amplified in NS5B (P ϭ 0.064).
Forty-seven (98%) of 48 samples gave sequences that could be interpreted in the 5= UTR with the KY80/KY78 set of primers. For 6 of those samples, the 5= UTR was the only region that could be amplified and therefore the genotype could not be attributed with certainty. One sample could not be amplified with these primers or with any others. Three samples were not tested in the 5= UTR because not enough plasma was available.
Twenty-five (61%) of 41 samples were successfully sequenced in the core region with the C954/C410 set of primers. Sixteen samples could not be amplified with these primers. Ten samples were not tested in the core region because not enough plasma was available.
Twenty-three (79.3%) of 29 samples were successfully sequenced in the NS3 protease region by employing the pangenotypic assay described by Besse et al. (13) . Six samples could not be amplified with these primers. Twenty-two samples were not tested in the NS3 region because not enough plasma was available.
Sequence analysis. Concomitant amplification of the NS5B and core regions was obtained for 21 samples. At the genotype level, NS5B BLAST results perfectly matched the core results in 17 (81%) of 21 cases and the results of phylogenetic analysis in 100% of cases (Table 3) .
Eighteen samples could be amplified in the NS5B and NS3 regions. Fifteen of them (83%) matched perfectly at the genotype level according to BLAST analysis. For two samples (HC192 and HC269), only one BLAST analysis of the four did not match in the NS3 region; in the third case (HC396), BLAST results for both regions were mixed between genotype 6 (4/8 results), genotype 5 (1/8 results), and genotype 3 (3/8 results), which was also found by phylogenetic analysis.
NS5B BLAST results matched the 5= UTR BLAST results in 18 (58%) of 31 cases. Discordant results were observed for (i) one NS5B genotype 2 case that was identified as genotype 1 in two of the three 5= UTR BLAST results (HC365), (ii) all (n ϭ 5) genotype 3 samples in the study, which were classified as genotype 1 in most 5= UTR BLAST results, (iii) six NS5B genotype 4 cases that were classified as genotype 1 or 3 in the 5= UTR results, and (iv) one of two genotype 5 cases and the three genotype 6 cases in the study, which were mainly classified as genotype 1.
By using phylogenetic analysis, the entire core, NS3, and NS5B sequences could be assessed without any errors in the final decision. According to 5= UTR analysis, 13/41 samples could not be classified and results were misinterpreted in 5 cases when NS5B sequencing analysis was used as a reference. Samples that were not identified with the LiPA did not cluster particularly within the same genotype and were dispersed among reference sequences except for the five samples originating from the Sultanate of Oman and one sample from France (HC192) (see Fig. S1 in the supplemental material). They were all phylogenetically related in the 5= UTR as well as in the core and NS5B regions when results were available (HC192, HC369, HC404, and HC419) and clustered within a separate branch for all genotype 3 sequences. Finally, following the decision criteria fixed for this study, 44 (86%) of 51 HCV genotypes not defined by the LiPA could be determined by sequence analysis, which showed that INNO-LiPA failures could The variable regions used for the design of LiPA probes, as described by Stuyver et al. (20) , are boxed and designated R2 to R7. The R1 region, which was the basis for probe lines 16 and 19, was not in the region amplified with this study's primers. The R2 to R7 regions formed the basis for the other LiPA probes, as indicated at the bottom. The observed LiPA profile for each sample is indicated in the second column. The expected reactivity for each sample, given the sequence, is indicated in the sequence alignment by the LiPA line number to the right of the box.
occur with all genotypes but were found more frequently with genotypes 4, 5, and 6 ( Table 2) .
DISCUSSION
In a large panel of patient samples from all over the world, the HCV genotype could not be determined using the LiPA in 0.52% of cases because the observed pattern was not included in the manufacturer's interpretative chart; however, 86% of these LiPA failures could be resolved using a sequencing approach with common HCV sets of primers. These failures were mostly encountered with genotypes 4, 5, and 6 and in samples from sub-Saharan Africa and especially from the Arabian Peninsula. The number of samples involved is too small to determine whether these factors were linked or independent, however.
The first study using the second-generation line probe assay for the 5= UTR already showed 11% undetermined LiPA profiles and a particularly high rate of subtyping errors (11% specificity) with samples from West Africa (20) . The same version of the INNOLiPA HCV assay including core sequence hybridization was used to evaluate HCV genotypes for 136 French blood donors and 326 HCV-positive plasma samples in a Belgian study, which exhibited 2 and 7 nonamplifiable samples, respectively, and no or 15 (4.6%) results that could not be clarified (11, 12) . More recently, two cases of amplifiable samples giving uninterpretable LiPA results were observed in the Netherlands, and the authors underlined the close resemblance of these two viral strains to viruses of genotypes 2 and 3 originating from non-Western countries (21) . The failure of some quantitative RT-PCR assays to detect or to amplify correctly African strains of HCV or HIV has been reported frequently (22) (23) (24) , and the LiPA may suffer from the same type of bias.
These viral strains also are more difficult to amplify with the classic NS5B primers. Even with the use of three sets of primers covering two different regions, the percentage of samples amplified in the NS5B region in this study (74.5%) was lower than the values normally observed in our laboratory (90% with HC3/HC5 primers during the same period of time) or described in other studies (82 to 97.3%) (10, 25) . This could be explained by the greater variety in the geographical origins of the viruses and the use of primers not suitable for these peculiar strains. For these samples, the most conserved region, 5= UTR, exhibits a higher amplification rate (98%). Discrepancies between amplification rates in the 5= UTR and NS5B region have been described and were associated mainly with lower levels of viremia and higher polymorphism rates in the annealing regions of the primers (16, 25, 26) . In our study, the viral loads of the samples that could not be amplified in NS5B were not statistically smaller than those of amplified samples, and genomic variability in the amplified region appears to provide the most likely explanation for amplification failure. Errors in HCV genotype 6 classification using NS5B sequencing were observed in Asia (27, 28) . In our study, no genotype 6 could be amplified with our two first sets of NS5B primers but one could be resolved with core and NS3 amplifications and the two others using another downstream region of NS5B. As already described, we found poor discrimination of genotype 6 samples using only 5= UTR sequencing.
Phylogenetic analysis of these HCV strains exhibiting LiPA failure showed that they were distributed among different genotypes but were difficult to subtype by NS3 and NS5B sequence phylogenetic analysis, probably due to the high variability in comparison with the reference strains. For example, sequences obtained from the five samples from the Sultanate of Oman were grouped, whatever the genomic region being considered, but were clearly different from the genotype 3 reference strains.
Sequencing of the 5= UTR is well known to misclassify HCV subtypes, and we now also demonstrate that it can lead to misclassification of genotypes using widely available Web-based BLAST programs, in particular for genotype 3 (14 of 15 analyses) and to a lesser extent for genotype 4 (10 of 33 cases). Genotypes were less frequently misclassified by the Web-based BLAST programs using the core, NS3, or NS5B regions, but this emphasizes the need to include non-European and non-American HCV strains in the international databases and to use phylogenetic analysis to analyze uncommon or previously unreported genotypes. Indeed, by using pangenotypic sequencing of the NS3 protease region with one set of three primers, 79% of these "difficult" samples could be amplified (13) . Analyses with four BLAST algorithms exhibited only 17% ambiguities and an error rate of 1/23 cases (4%) when the criterion that three of four BLAST results should match was applied.
Finally, a sequential approach using three sets of NS5B primers targeting two different regions followed by sequence analysis of the NS3 region can be envisioned. Sequencing of the 5= UTR should be avoided as it is the source of too much interpretation error. In our study, this strategy gave 74.5% HCV genotype resolution with NS5B and 84% when NS3 was added and the missing sera were taken into account (43/44 cases [98%] when they were discarded).
In this study, discrepancies were observed between 5= UTR and NS3 or NS5B results in 12 cases, which raises questions about the possibility of intergenotypic recombinant viruses. This hypothesis is unlikely, however, because none of the cases corresponds to what has been described in terms of the genotype involved or recombination points (29) . France U 5a 5a 5a 5 5a 5a 5a 5a 5a 5a 5a 5 5a 5a 5a 5a 5a 5a 5 HC268 France 6.6 1a 5a 1a 5 5a 5a/2a e 2a 5a 5a 5a 5a 5 5a 5a 5a 5a 5a 5a 5 HC235 France 6.3 1b 6d 1b 6 6d 6e 6e 6e 6b 6d 6e 6 6e -----This study has some limitations. We assumed that the samples for which the INNO-LiPA provided a genotype were correctly classified, and results were not confirmed by sequencing analysis. In addition, problems genotyping HCV may result from mixed infections in the patients' plasma samples. Unfortunately, our sequencing approach based on Sanger technology is not well suited to addressing this point specifically.
In conclusion, with a low rate of HCV genotyping results that could not be resolved, reverse hybridization (the INNO-LiPA 2.0 assay) remains a very convenient method in clinical practice, as it is produces a high rate of amplification and is relatively easy to perform. Special attention should be paid to samples from subSaharan Africa and the Arabian Peninsula and to genotypes 4, 5, and 6, which are less common in Western countries. Sequencing assays could be used to resolve uninterpretable LiPA results, but sequencing of multiple regions was needed to deal with more frequent amplification failure for these samples and the low discriminatory power of the 5= UTR sequences. For these difficult samples, bioinformatic tools and particularly databases are crucial for interpreting the sequences obtained.
